Understanding the spatial pattern of energetics characters in forest biomes is important for forestry planning and forest management on a national scale. In this research we used information from 690 stands from 17 forest types in six forest biomes in China to study some ecological energetics characters of forest biomes. Results showed that the average ratio of photosynthetically available radiation/total radiation in China is about 0.448, but the ratio is highest in the area 19 -30° N, 100 -115° E. Both radiation use effi ciency and bioaccumulation effi ciency decrease with increasing latitude. For the area studied the highest values of radiation use effi ciency occur in the area 25 -30° N, 107 -118° E. There is highest bioaccumulation effi ciency in the area 19 -30° N, 110 -134° E. The ratio of net primary productivity/biomass (P/B) is greatest in the area 19 -40° N, 102 -134° E. For different biomes in China the average ratios of P/B are close to 0.1. There is an allometric relationship between P/B and energy equivalents of body mass for all forest biomes; the scaling exponents are close to -0.60 and -0.95 by using simple linear regression and reduced major axis techniques, respectively. Forests with the highest leaf area index occur in the area 20 -25° N, 118 -123° E. We argue that such spatial energe tics characteristics of forest biomes have signifi cant implications for forestry policy making, in the selection of plantation locations and management of forest ecosystems on the national scale.
Introduction
Primary productivity and biomass of forests and their spatial distribution have been a focus for ecologists and forestry researchers worldwide. Research on forest primary productivity and biomass can help us to obtain a better understan ding of the dynamics of forest vegetation with its environment. Estimation of primary productivity and biomass on a large scale has prompted ecologists to translate ecological hypotheses derived from a local or stand level to a continental scale. In recent years, policy makers also have focused their attention on primary productivity and biomass be cause of the importance of forest ecosystems as carbon sinks and their role in mitigating the impacts of rising atmospheric CO 2 . Efforts in updating and synthesizing the current knowledge on primary productivity and biomass at local and global levels have been done by Roy et al. (2001) . However, the study of ecological energetics of forest biomes is limited, in particular the aspect of the primary productivity and biomass and their spatial distribution from an energetic perspective at the system level. The ' whole ' properties often cannot be found if only the composition is investigated ( Li, 2000 ) . Although Ni et al. (2001) discussed the relationship between biomass and net primary productivity in Chinese forests and environmental factors (e.g. temperature and precipitation) based on information from 690 stands of 17 forest types in six forest biomes in China, the intrinsic ecological energetics of their spatial and temporal patterns should be characterized further, because organisms exist in habitats subjected to a multiplicity of environmental stresses, all with energetic consequences ( Parsons, 2001 ) . The most intriguing issue to us in studying ecological energetics is to explain the patterns of energy accumulation and transformation, and the intrinsic energy needs of ecological systems. Stability of any large-scale ecological systems is connected to the spatial confi guration of energy relationships among components, which is determined by the thermodynamics of the energetic process. Therefore, the aim of this research is to (1) characterize the ecological energetics between net primary productivity (NPP), the biomass of Chinese forests and total solar radiation; (2) indicate the spatial distribution of ecological energetics of forest biomes in China; and (3) provide knowledge which will help us to understand forest ecosystems, leading to better management on the large scale.
Materials and methods
The dataset of 690 plot sites in 17 forest types of six forest biomes ( Table 1 ) was from forest inventory data of the Forestry Ministry of China, which was also published in Ni et al. (2001) . The dataset included the information of biome, forest type, latitude, longitude, leaf area index (LAI), NPP and total biomass (both above and below ground). Above-ground biomass of trees was measured by destructive harvesting and weighing. Below-ground biomass (roots) was measured by excavating (1) all roots of six to eight standard sample trees and (2) four to six soil pits (each was 2500 cm 2 ) within the central area of root distribution and the surroundings in the tree stand. The details about how the above-mentioned information was collected and measured can be found in Ni et al . (2001) . We assumed that the biomass and NPP of herbs are very limited in comparison with trees in each biome. The information of total radiation and photosynthetic ally available radiation was from the literature ( Chinese Meteorology Bureau, 1994 ) . In our research, we assumed that generally 1 g of tree biomass (dry) or NPP contains 0.5 g of carbon that corresponds to 4500 cal ( Olson et al ., 1988 ) . We also used the following three indices (the spatial pattern of each index was studied by GS+; Gamma Design Software, Plainwell, MI, USA):
1 Radiation use effi ciency (RUE) = NPP/total annual radiation 2 Bioaccumulation effi ciency (BE) = biomass/ (age × total annual radiation) 3 P/B = NPP/biomass RUE and BE quantify the average energy use for productivity and biomass accumulation during the entire observation period, respectively. P/B provides a measure of the energy input necessary to support unit biomass; the ratio is di mensionally equivalent to the reciprocal of the mean age of a population, or the reciprocal of the mean energy residence time (MacArthur in Leigh, 1965 ) . P/B was considered the rate of energy dissipation or rate of entropy production ( Johnson, 1988 ) . Whittaker and Woodwell (1972) considered that the reciprocal of this ratio, B/P, is a more useful measure as it represents the ' turn-over time ' . B/P is a relative measure of energy fl ux (the energy input per unit time necessary to support unit energy in the biomass): the smaller the ratio the greater the energy fl ux.
The scaling exponents are estimated by simple linear regression (SLR) and reduced major axis (RMA) according to Niklas (1994) and Sokal and Rohlf (1995) .
Results and discussion
The ratio of photosynthetically available radiation to total annual radiation Based on the information from 690 sample points, the average ratio of photosynthetically available radiation to total radiation is about 0.448 with a range of 0.3 -0.6. Spatial differences exist for this ratio ( Figure 1 ). For the area studied, the ratio is higher in the area 19 -50° N, 100 -134° E than further north and west, and the highest ratio exists in the area 19 -30° N, 100 -115° E. According to the empirical formula of total radiation and photosynthetically available radiation, the ratio is equal to the following:
where e i is monthly moisture pressure of air, i.e. the pressure from moisture in air, and M i is monthly air quality which is described by an air pollution index with an emphasis on aerosols ( Chinese Meteorology Bureau, 1994 ). If we ignore the monthly moisture pressure and air quality, then, the ratio is approximately equal to 0.447. In order to capture more solar energy, the area with a higher total radiation or a higher ratio of photosynthetically available radiation to total radiation should be given higher priority for forestry development (e.g. forest restoration of land used for agriculture), especially in the area 19 -30° N, 100 -115° E, because a slight increase in this ratio will result in a dramatic improve ment of total regional productivity. This inform ation can also assist forest management and development from other land uses (e.g. agricultu ral land). Combined with RUE, the annual max imal cutting of forests in a certain area can be estimated from total radiation or the ratio of photo synthetically available radiation to total radiation.
RUE and BE
RUE decreases with increasing latitude, and increases with longitude and reaches a maximum near 110° E and then decreases with longitude ( Figure 2 ). In the area studied, higher RUE is found in the area 19 -30° N, 102 -134° E, with the highest value existing in the area 25 -30° N, 107 -118° E. This result may be important in managing forests to obtain high RUE on the national scale. Within the study area, BE decreases along increasing latitude, and increases along longitude, reaching a maximum at 118 -130° E and then decreases with increasing longitude ( Figure 3 ) . The area 19 -30° N, 110 -134° E, such as south-east China, is more suitable for forests with higher productivity and higher biomass. This area is mainly composed of plains, plateaux and mountains.
Both RUE and BE decrease with latitude, and decrease slowly when latitude is more than 40° N, but they increase with longitude and reach a maximum at 110° E and after that it decreases. Forests with highest RUE and BE exist in the area of lower latitude and near 110° E. This result is consistent with the above-mentioned spatial pattern of the ratio of photosynthetic radiation and total radiation, because both RUE and BE are calculated from photosynthetic radiation and total radiation. The studies of London and Sasamori (1971) and Figure 1 . Spatial pattern of the ratio of photosynthetically available radiation (PAR) and total radiation (Total). Vonder and Suomi (1971) , which analysed absorbed solar energy and infrared loss, both suggested that more energy was retained in the southern subtropics than in the northern area because excess energy is absorbed at low latitudes and there is a lower net energy loss from midlatitudes. The boundary between excess energy absorbed and net energy loss is near 40° N. Yi (1995) studied the distribution of local entropy along latitude and suggested that local entropy reaches a maximum at 25 -40° N when energy is transported from the equator to the North Pole. But they did not study the energy balance and local entropy along longitude. We consider that the transition area of RUE and BE at 25 -40° N may be related to this kind of energy balance. The forests in the tropical and subtropical areas have higher RUE and BE. This result might have implications in the selection of areas for highly productive forest (e.g. artifi cial forests) on the national scale. 
Spatial change of P/B and B/P
The ratio of P/B is higher in the area 19 -50° N, 102 -134° E, and reaches its highest value in the area 19 -40° N, 102 -134° E ( Figure 4 ) . However, the opposite is true for the reciprocal ratio of B/P; lower values of this ratio imply higher energetic fl ux or cycling ability. The average values of P/B are close to 0.1 for different forest biomes ( Table 2 ). There is an allometric relationship between P/B and energy equivalents of biomass for all forest biomes, and the scaling exponents are close to -0.60 and -0.95 by SLR and RMA, respectively ( Table 3 ). The scaling exponents are not signifi cantly different between forest biomes. Resistance is one of the crucial aspects of resilience and is defi ned as ' the ease or diffi culty of changing the system or how " resistant " it is to being changed ' ( Walker et al ., 2004 ) . Steady-state relationships between P/B and resilience have been demonstrated ( DeAngelis, 1980 ; Moore et al ., 1993 ) . Ecosystems with lower ratios of P/B have higher resistance and lower resilience ( Cropp and Gabric, 2002 ) . When the maximum resilience system is disturbed from its steady state, the system can respond very rapidly by increasing P/B to a level well above its steady-state value, after which P/B reduces until it returns to its steady-state level. In this study, P/B has higher values in the area 19 -50° N, 102 -134° E in China, and reaches its highest value in the area 19 -40° N, 102 -134° E. Forests in this area not only have higher productivity for unit biomass but also have higher resilience.
For different biomes the average P/B values are close to 0.10. This means that different biomes may have a similar rate of entropy production. Johnson (1988) suggested that if the system is to remain in existence the trend to reduced dissipation must exceed that toward increasing energy fl ow. If this were not the case the system would dissipate completely. Despite slight differences for different biomes, the forest biomes in China have similar allometric relationships between P/B and energy equivalents of biomass, but the scaling exponents estimated by RMA are slightly bigger than those estimated by SLR. The allometric coeffi cient relating the measure of lifetime P/B to body-size is directly related to the widely used specifi c metabolic coeffi cient ( Kerr and Dickie, 2001 ). There is a relatively stronger and constant negative slope of the relationship between body size and specifi c production for forest ecosystems than aquatic ecosystems. This stronger ecological scaling may refl ect the adjustments of density in forest ecosystems. Our result is different from research on animals where lower values are typical, e.g. Banse and Mosher (1980) who found a value of -0.37.
The ratio of B/P represents the ' turn-over time ' . With lower values of B/P the ecosystem responds more rapidly to disturbances. Thus B/P, as a measure of the reaction time, determines the hierarchical structure of the ecosystem ( Johnson, 2001 ) . At the global level, Mann and Brylinsky (1975) concluded that B/P of lakes globally decreases with decreasing latitude. May (1981) also concluded that tropical forests exhibit a turnover rate nearly double that of temperate forests in the northern United States. In this research it decreases very slightly with decreasing latitude, and it reaches lower values in the area 19 -40° N, 110 -134° E. Forests in this area have a low ' turn-over time ' . In general, ecosystems with lower P/B (higher maturity) or higher cycling rates have higher integrity and ecosystem health ( Campbell, 2000 ) . 
Spatial distribution of LAI
Leaf area is important for photosynthesis. There are higher LAIs in the area 19 -30° N, 115 -134° E ( Figure 5 ). Forests with the highest LAI exist in the area 20 -25° N, 118 -123° E. This re sult may help when choosing locations suitable for leaf production for some species of economic importance. Helvey and Patric (1988) suggested that soil moisture may cause changes in the LAI because soil water usually declines substantially from valley to ridge locations, especially at low elevation when the weather is dry. Soil water and nutrient availability have been shown to limit LAI ( Grier and Running, 1977 ; Aber et al ., 1982 ) . Further studies are needed to resolve these contradictory observations. Nevertheless the general trend of LAI change would be useful to forest planners in order to obtain high LAI and productivity.
Conclusion
Although forests have multiple uses, high productivity is still an important aspect of forestry planning on the national scale, especially for artifi cial forests. By analysing the plot-based information of Chinese forest biomes, we obtained the spatial distribution of energetics in the main forest bio mes. The average ratio of photosynthetically available radiation/total radiation is about 0.448 in China, and it is higher in the area 19 -50° N, 104 -134° E. Both RUE and BE are higher at 19 -30° N, 102 -134° E. The ratios of P/B and B/P are useful in the assessment of forest ecosystem integrity and ecosystem health. P/B has highest values in the area 19 -40° N, 102 -134° E in China. For different forest biomes the average values of P/B are close to 0.10. The allometric relationship between P/B and energy equivalents of body mass for all forest biomes can be used to assess and predict forest conditions. There are higher LAIs in the area 20 -30° N, 115 -120° E. These results have implications for ecologically sound policy making in forestry planning and forest management on a national scale, such as choosing the area for developing highly productive forests or plantations for the forest industry, estimating the annual quantity for forest cutting, and policy making for forest management on a large scale.
However, socio-economic nature and protection of the environment (e.g. biodiversity and control of desertifi cation) are more signifi cant in some areas.
